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1. Introduction  
Deep space exploration has captured the imagination of the human spirit for thousands of 
years. Advanced deep space and interstellar propulsion concepts are critical to advancing 
future exploration, both locally in our solar system and in exosolar applications. 
Investigation of interstellar space regions have yet to be achieved beyond 200 astronomical 
units (AU), where one AU is the average distance between Earth and the Sun 
(approximately 150 million km). Pristine interstellar matter is expected to exist in this 
region. Advanced missions currently without a viable, robust mechanism for exploration 
include: Stellar probes, interstellar probes, Kuiper belt rendezvous vehicles, Oort cloud 
explorers and nearest-star targets.  Outer edge solar system planets, atmospheres and 
planetary moon systems may hold insights into the physics of the early universe, yet they 
too have been largely unexplored.  Terrestrial visits to Mars polar caps and Jupiter’s icy 
moon oceans have been identified as future missions requiring advanced power and 
propulsion techniques. Despite overwhelming scientific interest and over 50 years of 
research, a robust mechanism for rapid space and interstellar exploration remains elusive. 
Propulsion and power technology applicable to deep space missions has generally fallen 
into four classes: chemical, fission, fusion, and exotic physics-based concepts. Despite 
persistent research in novel high-energy molecular chemical fuels and advanced 
bipropellant rocket engine concepts, chemical propulsion systems are limited to about 480 
seconds of specific impulse, a value much too low to successfully meet deep space 
propulsion requirements (Liou, 2008).  Owing to relatively low power per unit mass of 
ejected matter ratios and inherently limited chemical reaction energetics, chemical 
propulsion systems appear inadequate as primary fuel sources for interstellar or extended 
solar system edge missions. Fission reactors have long been proposed to address power and 
propulsion requirements. Essentially all solid, liquid and gas fission reactors fundamentally 
operate by converting kinetic energy from fission reactions into heat through a working 
fluid.  Nuclear fusion holds tremendous potential for future space exploration initiatives. 
Inertial confinement, magnetic confinement, gas dynamic and magnetized target fusion 
concepts have been proposed (Kirkpatrick, 2002). Specific impulses on the order of 103 
seconds are theoretically possible. Unfortunately, nuclear fusion ignition, confinement of hot 
3
www.intechopen.com
Nuclear Power32
 
dense plasma and extreme heat management continue to be enormous obstacles for even 
mid-term fusion-based propulsion and power systems. Exotic physics-based concepts are 
varied in nature. Antimatter, solar sails, magnetic sails, beamed energy and fusion ramjets 
have been proposed for advanced propulsion. Limited technological developments appear 
to have restricted near-term deployment in space propulsion or power applications. This is 
evident in perhaps the most exciting exotic space propulsion candidate, antimatter. Matter-
antimatter has excellent atomic reaction properties including converted mass factions of 1.0 
and energy releases of 9x1016 joules per kilogram in the case of proton-antiproton reactions 
(as compared to 2x108 joules per kilogram for atomic hydrogen and 3.4x1014 joules per 
kilogram for Deuterium-Deuterium or Deterium-Helium-3 fusion fuels) (Borowski, 1987). 
Antimatter candidates have theoretical specific impulses of 105-106 seconds. Despite these 
highly attractive theoretical merits, antimatter candidate fuels have significant technological 
barriers such as the production and storage of antimatter.  In addition, antimatter must be 
directed for thrust, a grand challenge yet to be mastered. 
Propulsion and power systems developed for space exploration have historically focused on 
developing three types of systems: nuclear thermal propulsion (NTP), nuclear electric 
propulsion (NEP) and radioisotope thermoelectric generators (RTGs). NTP systems generate 
heat in a reactor which heats gas to very high temperatures.  The heated gas expands and is 
ejected through a nozzle to create power and thrust.  NEP systems use heat-to-electrical 
energy conversion mechanisms for generating electric power from heat provided by the 
reactor core. In general, NTP produces medium-to-high thrust with Isp levels on the order 
of 1000 s, while NEP systems typically provide higher Isp but much lower thrust levels (El-
Wakil, 1992).  Radioisotope power systems benefit from the direct radioactive decay of 
isotopes to generate electric power, but require a thermoelectric energy conversion process. 
Heat is converted to electricity using thermocouples. In the 1950's a study was initiated by 
the United States Air Force with the goal of designing and testing nuclear rockets (Gunn, 
2001). The ROVER program was created as a succession of nuclear reactor tests. A major 
focus of this program was to demonstrate that a nuclear reactor could be used to heat a gas 
to very high temperatures, which would then expand and be directed through a nozzle to 
create thrust.  In 1959 a series of reactors under the ROVER program were developed known 
as the Kiwi series. Highlights of this series include the Kiwi-A, Kiwi-B and Kiwi-B4E 
reactors.  Kiwi-A utilized gaseous hydrogen for propellant, while Kiwi-B used liquid 
hydrogen and was designed to be 10-times the power of Kiwi-A. Kiwi-A and Kiwi-B 
successfully proved that a nuclear reactor could operate with high temperature fuels and 
utilize hydrogen (gaseous and liquid). The Kiwi series of tests ended with Kiwi-B4E. A 
second series of reactors developed in the 1960's under the ROVER program were known as 
the Phoebus series. The Phoebus 1 reactor was designed for up to 2.2 x 105 N of thrust and 
1500 MW power.  Phoebus 2A was designed for up to 5000 MW of power and up to 1.1x106 
N of thrust. Phoebus 2A is the most powerful reactor ever built with actual record power 
and thrust levels of 4100 MW and 9.3 x 105 N of power and thrust, respectively (Durham, 
1991). In addition to the Kiwi and Phoebus series of reactors, two other reactors under the 
NERVA (Nuclear Engine for Rocket Vehicle Application) program were the Pewee and 
Nuclear Furnace.  Pewee was developed to demonstrate nuclear propulsion in space.  The 
fuel selected for the Pewee reactor was niobium carbide (NbC) zirconium carbide (ZrC).  In 
1972, the Nuclear Furnace reactor was successful in demonstrating carbide-graphite 
composite fuel with a zirconium-carbide outer fuel layer that could be used as fuel.  The 
 
ROVER/NERVA program successfully demonstrated that graphite reactors and liquid 
hydrogen propellants could be used for space propulsion and power, with thrust 
capabilities up to 1.1 x 106 N and specific impulse of up to 850 seconds (Lawrence, 2005).  
However, NTP research has been minimal since these periods. In the 1950's a study was 
initiated under the Atomic Energy Commission which developed a series of reactors. This 
series was termed the Systems for Nuclear Auxiliary Power (SNAP) program. While 
multiple reactors were researched and developed (SNAP-series), the SNAP-10A reactor, 
flown in 1965, became the only United States fission reactor ever to be launched into space.  
The core consisted of enriched uranium-zirconium-hydride (U-ZrH) fuel, a beryllium (Be) 
reflector, a NaK coolant loop and a 1° per 300 second rotating control drum (Johnson, 1967). 
After reaching orbit and operating for 43 days, the SNAP-10A was shut down due to a 
failure in a non-nuclear regulator component. Currently, the SNAP-10A is in a 4000 year 
parking orbit. In the former USSR, more than 30 space power reactors were built and flown 
in space between 1970-1988. For example, the BUK thermoelectric uranium-molybdenum 
(U-Mo) fueled, sodium-potassium (NaK) cooled reactor was designed to provide power for 
low altitude spacecraft in support of marine radar observations (El-Genk, 2009).  The BUK 
core consisted of 37 fuel rods and operated with a fast neutron spectrum.  In 1987 the 
Russian TOPAZ reactor operated in space for 142 days and consisted of 79 thermionic fuel 
elements (TFE’s) and a NaK coolant system. Two flights of the TOPAZ reactor were 
conducted. TOPAZ-1 was launched in 1987 and operated for 142 days. TOPAZ-II was 
launched in 1987 and operated for 342 days. Project Prometheus, a program initiated in 2003 
by NASA, was established to explore deep space with long duration, highly reliable 
technology.  Under the Prometheus charter, the Jupiter Icy Moons Orbiter (JIMO) project 
was conceived to explore three Jovian icy moons:  Callisto, Ganymede and Europa.  These 
moons were selected due to their apparent water, chemical, energy and potential life 
supporting features (Bennett, 2002). The selected reactor would operate for 10-15 years and 
provide approximately 200 kWe of electric power (Schmitz, 2005). Five reactor designs were 
studied as part of a selection process: low temperature liquid sodium reactor (LTLSR), 
liquid lithium cooled reactor with thermoelectric (TE) energy conversion, liquid lithium 
cooled reactor with Brayton energy conversion, gas reactor with Brayton energy conversion 
and a heat pipe cooled reactor with Brayton energy conversion. A gas reactor, with Brayton 
energy conversion, was chosen as the highest potential to support the JIMO deep space 
mission. Radioisotope thermoelectric generators (RTG) function by the radioactive decay 
process of nuclear material, such as Plutonium-238 (Pu-238), Strontium-90 (Sr-90), Curium-
244 (Cu-244) or Cobalt-60 (Co-60).  Many isotopes have been considered and are evaluated 
as potential power sources based, in part, on mechanical (form factor, melting point, 
production, energy density) and nuclear (half-life, energy density per unit density, decay 
modes, decay energy, specific power and density) properties.  Heat is produced by 
radioactive decay and then converted to electric power by a thermoelectric generator, which 
is a direct energy conversion process based on the Seebeck Effect. In 1961, the first United 
States RTG was launched with one radioisotope source to produce a power of 2.7 We 
(Danchik, 1998). The Transit 4A spacecraft successfully reached orbit and was used for naval 
space navigation missions.  RTG's have provided power for extended duration spacecraft 
missions over the past 40 years, including Apollo (moon mission), Viking (Mars mission), 
Voyager (outer planets and solar system edge missions), Galileo (Jupiter mission), Cassini 
(Saturn mission) and Pluto New Horizons (Pluto mission) (Kusnierkiewicz, 2005). In total, 
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there have been over 45 RTGs developed and operated by the US for space power (Marshall, 
2008).  Early RTG spacecraft operated with system efficiencies around 6%.  An advanced 
version of the RTG, termed the Advanced Stirling Radioisotope Generator (ASRG) is being 
considered which is expected to increase efficiency and reduce the required amount of Pu-
238 carried into space, with a predicted performance of up to 155 We and efficiency near 
30% (Chan, 2007).  A third type of radioisotope generator has been proposed. The Multi-
Mission Radioisotope Thermoelectric Generator (MMRTG) is under development by the 
Department of Energy  (DOE) and the National Aeronautics and Space Administration 
(NASA) and is expected to provide 2000 W of thermal power using plutonium dioxide fuel.  
This design will support a Mars surface laboratory, operating both in space and in the 
Martian atmosphere (Abelson, 2005). 
This chapter is focused on a concept that utilizes the fission process but is fundamentally 
different than thermal or fast spectrum fission reactors and may offer a viable solution to 
stringent propulsion and power requirements related to deep space. The objective is to 
evaluate higher actinides beyond uranium that are capable of supporting power and 
propulsion requirements in robotic deep space and interstellar exploration. The possibility 
of developing a high efficiency MAGnetic NUclear System (MAGNUS) for space 
applications is discussed (Tsvetkov et al., 2006). The concept is based on a fission fragment 
magnetic collimator reactor (FFMCR) that has emerged from the DOE-NERI Direct Energy 
Conversion (DEC) Program as a feasible, highly efficient terrestrial power system. The 
central technology is based on utilizing advanced actinides for direct fission fragment 
energy conversion coupled with magnetic collimation. In the MAGNUS unit, the basic 
power/propulsion source is the kinetic energy of fission fragments (FFs). After FFs exit the 
fuel, they are captured by a magnetic field and directed out of the core. The energetic FFs 
flow has a high specific impulse and allows efficient power production and propulsion. The 
terrestrial application analysis indicated that direct energy conversion (DEC) efficiencies up 
to 90% are potentially achievable. Multiple studies demonstrated a potential for developing 
MAGNUS units for space applications. Absence of high temperatures and pressures, low 
fuel inventory, long-term operation, chemical propellant absence, highly efficient power 
generation, high specific impulse, and integral direct energy conversion without mechanical 
components provide an opportunity for exploration of the solar system and deep space. 
Interstellar missions of reasonable duration may be possible. Critical fission configurations 
are explored which are based on fission fragment energy conversion utilizing a nano-scale 
layer of the metastable isotope 242mAm coated on carbon fibers.  A 3D computational model 
of the reactor core is developed and neutron properties are presented. Fission neutron yield, 
exceptionally high thermal fission cross sections, high fission fragment kinetic energy and 
relatively low radiological emission properties are identified as promising features of 
242mAm as a fission fragment source.  The isotopes 249Cf and 251Cf are found to be promising 
candidates for future studies.  Conceptual system integration, deep space mission 
applicability and recommendations for future experimental development are introduced. 
 
2. Reliability-Demanding Applications and Deep Space Missions 
Deep space environments are often harsh and present significant challenges to 
instrumentation, components, spacecraft and people.  Earth's moon will complete one full 
cycle every 29.53 days, creating extended cold temperatures during lunar night.  
 
Temperature can range from 403 K to pre-dawn temperatures of 93 K (Fix, 2001).  The 
moon's ultra thin atmosphere creates a dark sky during most of the lunar day. Thus, a 
highly reliable power source must be available for long-term exploration and human 
habitation. In addition, robust energy systems will enable in- depth terrestrial surveys of the 
far side and poles of the Moon. At a distance of 1.524 AU, Mars has seasonal weather 
patterns, which give rise to temperatures between 133 K and 294 K. Weather patterns 
observed from the Viking Lander observed daily temperature fluctuations of 315 K. In 
addition, temperatures have been found to change 277 K within minutes.  Dust storms have 
been measured to travel up to 0.028 km/s, which often distribute dust over the majority of 
Mars’ atmosphere. Solar energy flux is reduced by a half at Mars (relative to Earth) and dust 
storms can further reduce solar flux by up to 99%.  Exploration of potential trapped H20 on 
Mars polar caps will require reliable power sources for transport vehicles, drilling 
platforms, autonomous boring machines and supporting bases, seismic measuring stations 
spread across planetary surfaces and atmospheric-based satellite vehicles. In the interest of 
searching for pre-biotic chemistry, space exploration to the Jovian moon system has been 
proposed.  Europa, Io, Ganymede and Callisto are planet-sized satellites of Jupiter (Bennett, 
2002).  Some of these moons are thought to contain ice or liquid water.  In particular, Europa 
is predicted to contain oceans of liquid below its icy surface. Europa's ocean seafloors are 
thought to contain undersea volcanoes, a potential source of energy. Probes designed to 
dive into sub-surface regions require critical onboard instruments to function undersea and 
must be driven by robust power or propulsion sources. The Alpha Centauri star system, the 
closest star to Earth except the sun, is located at 200,000 AU.  Proxima Centauri, one of three 
stars in the Alpha Centari system is the focus of advanced interstellar propulsion concepts 
with speculation of the existence of exoplanets. Proxima Centauri is a prohibitive 
destination with current state-of-the-art propulsion and power sources.  For example, 
advanced chemical systems propelling a small robotic probe to Alpha Centari at a 
theoretical maximum speed of 0.001c (where c is the speed of light) would take 
approximately 4000 years.  Conversely, a robotic probe propelled to 0.1c would take 40 
years.  Data could be returned at light speed to Earth in 4 years after arrival.  Additionally, a 
star observer system outside 200 AU could return images and information about Earth's 
solar system never observed before. Interstellar mission requirements force high reliability 
constraints on power sources, which will require many years of constant operation. 
 
3. Nuclear-Driven Direct Energy Converters 
In conventional nuclear reactors, fission energy is harnessed from a working fluid. Nuclear 
fission releases a distribution of particles and corresponding energies as shown in Table 1 
(Lamarsh, 2001). The largest fraction (81.16%) of energy released in the fission process goes 
to the kinetic energy of FFs which is then dissipated into heat and  removed from the reactor 
core by a coolant such as sodium, carbon dioxide or helium.  The heat removed is then used 
to produce energy through electromechanical energy conversion. Conventional heat engines 
are subject to Carnot efficiency limitations.  In nuclear-driven direct energy conversion 
(NDDEC) FF kinetic energy is collected before it is turned into heat. Because intermediate 
energy conversion stages are eliminated, significant increases in efficiencies are possible.  
Figure 1 shows the difference between conventional nuclear power and the FFDEC concept. 
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star observer system outside 200 AU could return images and information about Earth's 
solar system never observed before. Interstellar mission requirements force high reliability 
constraints on power sources, which will require many years of constant operation. 
 
3. Nuclear-Driven Direct Energy Converters 
In conventional nuclear reactors, fission energy is harnessed from a working fluid. Nuclear 
fission releases a distribution of particles and corresponding energies as shown in Table 1 
(Lamarsh, 2001). The largest fraction (81.16%) of energy released in the fission process goes 
to the kinetic energy of FFs which is then dissipated into heat and  removed from the reactor 
core by a coolant such as sodium, carbon dioxide or helium.  The heat removed is then used 
to produce energy through electromechanical energy conversion. Conventional heat engines 
are subject to Carnot efficiency limitations.  In nuclear-driven direct energy conversion 
(NDDEC) FF kinetic energy is collected before it is turned into heat. Because intermediate 
energy conversion stages are eliminated, significant increases in efficiencies are possible.  
Figure 1 shows the difference between conventional nuclear power and the FFDEC concept. 
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Energy Release in Fission, by component Energy (MeV) Fraction (%) 
 Kinetic Energy of Fission Fragments (FF) 
 Kinetic Energy of Fission Neutrons 
 Energy of Prompt γ-rays 
 Total Energy of β-particles 
 Energy of Delayed γ-rays 
 Energy of Neutrinos 
168 
    5 
    7 
    8 
    7 
  12 
81.16 
   2.42 
   3.38 
   3.86 
   3.38 
   5.80 
Total Energy released per Nuclear Fission Event      207   100.00 
Table 1. Component energies in neutron-induced fission of 235U. 
 
The fundamental concept of producing electric power from charged particles via nuclear 
reactions was proposed by H. G. C. Moseley and J. Harling in 1913 (Tsvetkov et al., 2003). In 
these experiments, it was shown that charged particles could experimentally be utilized for 
creating high voltage. Direct fission fragment energy conversion (DFFEC) is the general 
process by which charged particles generated from nuclear fission are collected and directly 
used for energy generation or propulsion.  Early studies of the DEC concept utilizing kinetic 
energy from FFs were initially proposed by E. P. Wigner in 1944 (El-Wakil, 1992). In 1957, G. 
M. Safonov performed the first theoretical study (Safonov, 1957). Experiments validated the 
basic physics of the concept, but a variety of technical challenges limited the observed 
efficiencies. 
 
 Fig. 1. Conventional nuclear reactor and direct energy conversion processes. 
 
Further studies were conducted in which the core was in a vacuum and fissile material was 
inserted in the reactor core on very thin films (Chapline, 1988). Previous work by Ronen 
demonstrated the minimal fuel element thickness and the energy of the fission products 
emerging from these fuel elements, an element central to this concept. It was found that it is 
possible to design a nuclear reactor with a cylindrical fuel element with a thickness of less 
than 1 μm of 242mAm. In such a fuel element, 90% of the fission products can escape (Ronen, 
2000). Further, Ronen showed that relatively low enrichments of 242mAm are enough to 
assure nuclear criticality. In recent studies, as part of the United States Department of 
Energy Nuclear Energy Research Initiative Direct Energy Conversion (DOE NERI DEC) 
Project, the fission fragment magnetic collimator reactor (FFMCR) concept was identified as 
a promising technological concept for planetary power and interstellar propulsion 
applications (Tsvetkov et al., 2006). In the proposed concept, FFs exit the fuel element and 
are then directed out of the reactor core and through magnetic collimators by an external 
magnetic field to direct collectors located outside of the reactor core. This approach has the 
advantage of separating (in space) the generation and collection of FFs. In addition, 
achieving and maintaining criticality of the neutron chain reaction is easier for the FFMCR 
concept, as the metallic collection components can be located outside the nuclear reactor 
core. A feasibility study of this concept has been completed in which the basic power source 
is the kinetic energy of FFs that escape from a very thin fuel layer. The reactor core consists 
of a lattice of fuel-coated nano or micro-sized fibers utilizing graphite. After FFs exit the fuel 
element, they are captured on magnetic field lines and are directed out of the core and 
through magnetic collimators to produce thrust for space propulsion, electricity or to be 
used for a variety of applications. In previously proposed concepts, the basic reactor fuel is a 
pure 242mAm fuel layer coated on graphite fiber rods. The FFMCR concept provides distinct 
fuel advantages for deep space, high-reliability applications (Tsvetkov, 2002). Some 
advantages include: 
 Elimination of thermal-to-electric energy conversion stages, 
  Very high efficiency, 
  Very high specific impulse, 
  Long-term operational capability, 
  Reactor core with no moving parts, 
  Low fuel inventory, 
  Reduced Beginning of Mission (BOM) mass and volume, 
  Propellant is not required, 
  Significantly shorter probe transient times. 
 
4. Potential Actinides for Deep Space Applications 
Current concepts for extended deep space power sources are based on plutonium or 
uranium actinides.  For example, the NASA Advanced Stirling Radioisotope Generator 
(ASRG) is expected to use a plutonium dioxide (PuO2) fuel to heat Stirling converters and 
the Lunar Surface Fission Power (LSFP) source is expected to utilize uranium-based fuels 
such as uranium dioxide (UO2) or uranium zirconium hydride (UZrH) (NASA, 2008). 
Uranium and plutonium, the most commonly proposed energy sources for space nuclear 
power, will serve as baseline reference actinides for comparison and analysis against higher 
actinides. Fuels for the FFMCR concept should have a half-life long enough to continually 
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Further studies were conducted in which the core was in a vacuum and fissile material was 
inserted in the reactor core on very thin films (Chapline, 1988). Previous work by Ronen 
demonstrated the minimal fuel element thickness and the energy of the fission products 
emerging from these fuel elements, an element central to this concept. It was found that it is 
possible to design a nuclear reactor with a cylindrical fuel element with a thickness of less 
than 1 μm of 242mAm. In such a fuel element, 90% of the fission products can escape (Ronen, 
2000). Further, Ronen showed that relatively low enrichments of 242mAm are enough to 
assure nuclear criticality. In recent studies, as part of the United States Department of 
Energy Nuclear Energy Research Initiative Direct Energy Conversion (DOE NERI DEC) 
Project, the fission fragment magnetic collimator reactor (FFMCR) concept was identified as 
a promising technological concept for planetary power and interstellar propulsion 
applications (Tsvetkov et al., 2006). In the proposed concept, FFs exit the fuel element and 
are then directed out of the reactor core and through magnetic collimators by an external 
magnetic field to direct collectors located outside of the reactor core. This approach has the 
advantage of separating (in space) the generation and collection of FFs. In addition, 
achieving and maintaining criticality of the neutron chain reaction is easier for the FFMCR 
concept, as the metallic collection components can be located outside the nuclear reactor 
core. A feasibility study of this concept has been completed in which the basic power source 
is the kinetic energy of FFs that escape from a very thin fuel layer. The reactor core consists 
of a lattice of fuel-coated nano or micro-sized fibers utilizing graphite. After FFs exit the fuel 
element, they are captured on magnetic field lines and are directed out of the core and 
through magnetic collimators to produce thrust for space propulsion, electricity or to be 
used for a variety of applications. In previously proposed concepts, the basic reactor fuel is a 
pure 242mAm fuel layer coated on graphite fiber rods. The FFMCR concept provides distinct 
fuel advantages for deep space, high-reliability applications (Tsvetkov, 2002). Some 
advantages include: 
 Elimination of thermal-to-electric energy conversion stages, 
  Very high efficiency, 
  Very high specific impulse, 
  Long-term operational capability, 
  Reactor core with no moving parts, 
  Low fuel inventory, 
  Reduced Beginning of Mission (BOM) mass and volume, 
  Propellant is not required, 
  Significantly shorter probe transient times. 
 
4. Potential Actinides for Deep Space Applications 
Current concepts for extended deep space power sources are based on plutonium or 
uranium actinides.  For example, the NASA Advanced Stirling Radioisotope Generator 
(ASRG) is expected to use a plutonium dioxide (PuO2) fuel to heat Stirling converters and 
the Lunar Surface Fission Power (LSFP) source is expected to utilize uranium-based fuels 
such as uranium dioxide (UO2) or uranium zirconium hydride (UZrH) (NASA, 2008). 
Uranium and plutonium, the most commonly proposed energy sources for space nuclear 
power, will serve as baseline reference actinides for comparison and analysis against higher 
actinides. Fuels for the FFMCR concept should have a half-life long enough to continually 
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produce power over all mission phases. In addition, the fuel should be able to produce 
optimal power to preclude having thousands of years of life that require extraneous and 
costly attention beyond the end-of-mission (EOM) timeline.  Essentially, an ideal energy 
source would have a half-life to cover the mission and then safely decay within a reasonable 
timeframe after the EOM has been closed. 
 
Baseline Actinides: Isotopes 
          Uranium 235U 
          Plutonium 238Pu, 239Pu, 241Pu 
Selected Actinides:  
          Uranium 232U 
          Americium 241Am, 242mAm 
          Curium 243Cm, 244Cm 
          Californium 249Cf,  251Cf 
Table 2. Baseline and selected candidate higher actinides. 
 
In practical spacecraft development design, the specific activity of select nuclides should be 
kept as low as possible while maintaining the required power requirements from decay.  
Nuclides that decay and emit strong radiation fields will pose hazards to spacecraft 
equipment, scientific payloads and personnel.  
 
Property Metric 
T1/2:     Half-Life 18 - 900 years 
A:        Specific Activity < 50 curies per gram  
P:         Specific Power < 1 watt per gram 
η:         Neutron production > 2.6 neutrons per neutron absorbed 
σF:       Fission Cross Section > U, Pu baseline actinides 
ffKE:     FF Kinetic Energy > U, Pu baseline actinides 
γ-ray:   Prompt γ-ray radiation < U, Pu baseline actinides 
Ф:        Energy/Charge ratio < 5 MV stopping power 
Table 3. Metrics for determining nuclide viability for FF Reactor Cores. 
 
Advanced actinides for the FFMCR should have minimal radiological activity. Specific power, 
the power produced per time and mass, is an important factor in determining heat shield and 
material requirements.  Ideally, specific power should be kept as low as possible to create a 
technically viable space probe utilizing selected nuclides. If a nuclide exhibits a very high specific 
power, material margins may become serious limitations to the usefulness of the select actinide 
as a fuel candidate. Neutron induced fission is the process by which the FFMCR will be started.  
However, when bombarding target nuclei, the probability of interaction between the projectile 
and target nucleus is a quantum mechanical statistical process. In other words, there is no 
guarantee that a neutron projected at a target nucleus will produce a desired nuclear reaction. 
The successful higher actinide isotope will have a high thermal neutron cross section and, for 
 
purposes of this discussion, have a higher thermal neutron fission cross section relative to 
baseline actinides. The probability of fission should be maximized. In the evaluation of nuclear 
reactor core performance, neutron production and absorption parameters must be considered 
per actinide isotope.  Neutrons are released during fission, with some captured by absorption 
reactions with surrounding nuclei. A measurement of a nuclide’s ability to produce neutrons will 
determine the ability to create and sustain a neutron-nucleus chain reaction and ultimately the 
ability of the nuclide to produce energy and power. The desire is to identify a nuclide which will 
produce more neutrons than are lost relative to baseline actinides listed in Table 2. For deep 
space power to be viable, robust and effective candidate isotopes must inherently contain 
suitable parameters. Candidate isotopes are analyzed according to the metrics summarized in 
Table 3. 
The initial matrix criterion for acceptability was that the actinide isotope should have a half-
life between 18 to 900 years.  It is recognized that some isotopes on the lower range of this 
spectrum may not provide optimal mission timeline power or propulsion sources, but were 
included for completeness and comparison. Isotopes with half-life between 18 to 900 years 
are listed in Table 4. Associated decay constants and specific activities are given.  Baseline 
Uranium and Plutonium isotopes are included for comparison. 
 
Isotope Half-Life, T1/2  [yr] 
Decay Constant, λ  
[yr-1] 
Specific Activity, Ā 
[Ci/g] 
232U 68.9 0.01006 22 
235U 704 x 106 9.8 x 10-10 2.2 x 10-6 
238Pu 87.7 0.00790 17 
239Pu 24 x 103 2.8 x 10-05 6.3 x 10-2 
241Pu 14.35 0.04830 100 
241Am 432.2 0.00160 3.5 
242mAm 141 0.00491 9.8 
243Cm 29.1 0.02381 52 
244Cm 18.1 0.03829 82 
249Cf 351 0.00197 4.1 
251Cf 900 0.00077 1.6 
Table 4. Properties of relevant actinides. 
 
Analysis of the nuclear data for actinides of interest shows that for thermal spectrum 
neutron reactions, 249Cf, 243Cm and 242mAm produce the highest η (number of neutrons 
produced per neutron absorbed).   Conversely, 241Am, 238Pu and 244Cm appear to produce 
less than unity η in the thermal neutron spectrum.  In the fast fission spectrum, the highest η 
produced occurs from the 251Cf isotope and the lowest η produced is from  235U; η above 
approximately 106 eV grows exponentially with incident neutron energy. The ability to 
sustain a fission chain reaction with a given fuel element is hindered for actinide isotopes 
having η less than unity. Therefore, in this discussion, 241Am, 238Pu and 244Cm will be 
discarded as potential candidates for energy sources. Additionally, 232U shows marginal 
ability for chain reaction sustainment and will also be eliminated from further consideration.  
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produce power over all mission phases. In addition, the fuel should be able to produce 
optimal power to preclude having thousands of years of life that require extraneous and 
costly attention beyond the end-of-mission (EOM) timeline.  Essentially, an ideal energy 
source would have a half-life to cover the mission and then safely decay within a reasonable 
timeframe after the EOM has been closed. 
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Selected Actinides:  
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          Americium 241Am, 242mAm 
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Table 2. Baseline and selected candidate higher actinides. 
 
In practical spacecraft development design, the specific activity of select nuclides should be 
kept as low as possible while maintaining the required power requirements from decay.  
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Property Metric 
T1/2:     Half-Life 18 - 900 years 
A:        Specific Activity < 50 curies per gram  
P:         Specific Power < 1 watt per gram 
η:         Neutron production > 2.6 neutrons per neutron absorbed 
σF:       Fission Cross Section > U, Pu baseline actinides 
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γ-ray:   Prompt γ-ray radiation < U, Pu baseline actinides 
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Advanced actinides for the FFMCR should have minimal radiological activity. Specific power, 
the power produced per time and mass, is an important factor in determining heat shield and 
material requirements.  Ideally, specific power should be kept as low as possible to create a 
technically viable space probe utilizing selected nuclides. If a nuclide exhibits a very high specific 
power, material margins may become serious limitations to the usefulness of the select actinide 
as a fuel candidate. Neutron induced fission is the process by which the FFMCR will be started.  
However, when bombarding target nuclei, the probability of interaction between the projectile 
and target nucleus is a quantum mechanical statistical process. In other words, there is no 
guarantee that a neutron projected at a target nucleus will produce a desired nuclear reaction. 
The successful higher actinide isotope will have a high thermal neutron cross section and, for 
 
purposes of this discussion, have a higher thermal neutron fission cross section relative to 
baseline actinides. The probability of fission should be maximized. In the evaluation of nuclear 
reactor core performance, neutron production and absorption parameters must be considered 
per actinide isotope.  Neutrons are released during fission, with some captured by absorption 
reactions with surrounding nuclei. A measurement of a nuclide’s ability to produce neutrons will 
determine the ability to create and sustain a neutron-nucleus chain reaction and ultimately the 
ability of the nuclide to produce energy and power. The desire is to identify a nuclide which will 
produce more neutrons than are lost relative to baseline actinides listed in Table 2. For deep 
space power to be viable, robust and effective candidate isotopes must inherently contain 
suitable parameters. Candidate isotopes are analyzed according to the metrics summarized in 
Table 3. 
The initial matrix criterion for acceptability was that the actinide isotope should have a half-
life between 18 to 900 years.  It is recognized that some isotopes on the lower range of this 
spectrum may not provide optimal mission timeline power or propulsion sources, but were 
included for completeness and comparison. Isotopes with half-life between 18 to 900 years 
are listed in Table 4. Associated decay constants and specific activities are given.  Baseline 
Uranium and Plutonium isotopes are included for comparison. 
 
Isotope Half-Life, T1/2  [yr] 
Decay Constant, λ  
[yr-1] 
Specific Activity, Ā 
[Ci/g] 
232U 68.9 0.01006 22 
235U 704 x 106 9.8 x 10-10 2.2 x 10-6 
238Pu 87.7 0.00790 17 
239Pu 24 x 103 2.8 x 10-05 6.3 x 10-2 
241Pu 14.35 0.04830 100 
241Am 432.2 0.00160 3.5 
242mAm 141 0.00491 9.8 
243Cm 29.1 0.02381 52 
244Cm 18.1 0.03829 82 
249Cf 351 0.00197 4.1 
251Cf 900 0.00077 1.6 
Table 4. Properties of relevant actinides. 
 
Analysis of the nuclear data for actinides of interest shows that for thermal spectrum 
neutron reactions, 249Cf, 243Cm and 242mAm produce the highest η (number of neutrons 
produced per neutron absorbed).   Conversely, 241Am, 238Pu and 244Cm appear to produce 
less than unity η in the thermal neutron spectrum.  In the fast fission spectrum, the highest η 
produced occurs from the 251Cf isotope and the lowest η produced is from  235U; η above 
approximately 106 eV grows exponentially with incident neutron energy. The ability to 
sustain a fission chain reaction with a given fuel element is hindered for actinide isotopes 
having η less than unity. Therefore, in this discussion, 241Am, 238Pu and 244Cm will be 
discarded as potential candidates for energy sources. Additionally, 232U shows marginal 
ability for chain reaction sustainment and will also be eliminated from further consideration.  
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The requirements for deep space power or propulsion drive the search for acceptable 
actinide-based energy sources.  For long term operation, successful actinide candidates must 
have half-life properties that support beginning-of-mission (BOM) to end-of-mission (EOM) 
power requirements.  For deep space or interstellar operation, this generally translates to 
life-time properties greater than 20 years.  In this survey of higher actinides 241Pu and 244Cm 
are excluded from further consideration based on half-lives of 14.35 and 18.1 years, 
respectively. In addition, for pre-launch operations, 241Pu and 244Cm post significant 
radiological hazards compared to other isotopes. The specific activity of 241Pu is 100 Ci/g 
and that of 244Cm is approximately 82 Ci/g. The next highest specific activity is 243Cm at 52 
Ci/g. Although excluded for half-life and high specific activity, it is notable that 244Cm has 
the lowest thermal fission cross section of the surveyed actinides, also making it undesirable 
for deep space applications. The highest thermal fission cross section of the surveyed 
isotopes is 242mAm, followed by 251Cf and 249Cf.  As noted previously, 242mAm has a 
significantly higher ( see Figure 4) thermal fission cross section than baseline isotopes 238Pu, 
239Pu, 241Pu or 235U. The very high thermal fission cross section property of 242mAm is 
attractive for energy production.  Actinides 251Cf and 249Cf also have attractive fission cross 
section properties. The requirement for the reactor core to feasibly sustain a chain reaction is 
dependent upon a fuel's ability to produce extra neutrons from fission.  The number of 
neutrons produced per neutron absorbed for 242mAm is found to be superior to any other 
actinide.  Conversely, η is less than unity for 241Am, 238Pu and 244Cm. These isotopes cannot 
maintain criticality and are not adequate for satisfying deep space power or energy source 
requirements. Uranium-232 is also found to have only marginal values for η and is therefore 
not suited as an innovative energy source. High FF kinetic energies are desired for thrust 
and energy production. Particles captured by magnetic field lines should be highly energetic 
and have significant recoverable energy. Compared to baseline isotopes, 242mAm and 243Cm 
have the highest FF kinetic energy and recoverable energy release from thermal neutron 
induced nuclear fission. Charges in motion, the most fundamental definition of current, can 
be obtained using high ionic charges.  Data indicate that higher charges are possible with 
242mAm and 243Cm, slightly higher than what may be obtained from the baseline uranium 
and plutonium actinides. Curium is not found naturally and is produced from nuclear 
reactors through neutron capture reactions from plutonium or americium.  The isotope 
243Cm has a relatively low half-life of 29 years and a medium grade specific activity of 52 
Ci/g. In addition, 243Cm produces significant amounts of prompt γ-ray radiation. For 
example, 6.92 MeV prompt γ-rays are emitted from 243Cm, while 1.2 MeV prompt γ-rays are 
emitted from 242mAm. In addition, higher energy prompt neutrons are emitted from 243Cm.; 
thus, 243Cm should not be implemented as a majority fuel element in designing the reactor 
core. 
The 242mAm isomer exhibits one of the highest known thermal neutron fission cross sections. 
The thermal neutron cross section of 242mAm is approximately 6000 barns.  The 242mAm 
thermal capture cross section is low relative to other actinides.  In addition, the number of 
neutrons produced per fission is high compared to uranium, plutonium and other actinides.  
These properties, coupled with a half-life of 141 years, provide strong support for 
investigating novel uses of this isotope, including advanced deep space power and energy 
sources.  The major disadvantage of 242mAm is its availability. The world-wide production 
rate of 242mAm is approximately 2.74 kg (6.04 lbs) per year. One reaction which creates 
242mAm arises from the plutonium decay from spent nuclear fuel in light water reactors 
 
(LWR). Specifically, 242mAm can be produced from 241Pu. After 241Am is created from decay 
of 241Pu, the isomer 242mAm can be produced from the neutron or radiative capture reaction 
241Am(n,γ)242mAm. Several methods to produce 242mAm have been proposed in previous 
literature including particle accelerators and nuclear reactors.  In order to maintain a viable 
deep space power program based on 242mAm fuel, a production and manufacturing system 
must be executed.  The set of higher actinides for implementation as a FFMCR fuel concept 
has been down-selected to three isotopes (242mAm, 249Cf and 251Cf). 
 
5. Energy System Design 
The most critical component in examining the viability of the FFMCR concept design is the 
fuel element.  The fuel element is a graphite fiber with a nano layer of fuel. The distance 
between fuel elements is 0.017 cm.  The fuel layers are stacked on a fuel sub-assembly frame 
in a cylindrical assembly configuration.  Neutron multiplicity is enhanced by using multiple 
layers of reflector material.  The FFMCR design parameters are shown in Tables 5. The 
vacuum vessel, reflector layers and fuel assembly are shown in Fig. 2. The final whole-core 
3-D reactor design is shown in Fig. 3.  One unique feature of the FFMCR design is that both 
ends of the reactor core act as particle collectors, creating multiple points for propulsive 
force or power generation.  
 
Nuclear Reactor Core: 
Outer Core Radius  
Outer Core Length 
Total Number of Fuel Assemblies 
Total Number of Sub-Assemblies 
Total Number of Fuel Elements 
Total Fuel Loading 
 
414.5 cm 
740.0 cm 
83 
139440 
1.39 x 1010 
24 kg (approximately) 
Fuel Assembly Design: 
Geometry 
Outer Fuel Assembly Length 
Outer Fuel Assembly Radius  
 
Cylindrical 
140.0 cm 
60.0 cm 
Fuel Sub-Assembly Design: 
Geometry 
Outer Fuel Sub-Assembly Length 
Outer Sub-Assembly Width 
Outer Sub-Assembly Depth 
Number of Fuel Elements per Sub 
Assembly 
 
 
Rectangular Frame - Fuel Coated Fibers 
20.0 cm 
5.0 cm 
1.0 cm 
1 x 105 
Fuel Element Design: 
Fuel Layer 
Fuel 
Thickness 
Graphite Fiber 
Radius 
Active Length 
Burnable Absorber Doping 
Fuel Loading per Element 
 
Fuel Coated Graphite Layer 
100% (242mAm) 
0.0001 cm 
 
0.00015 cm 
1.0 cm 
20.0 % 
1.722 x 106 g 
Table 5. FFMCR core design components. 
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The requirements for deep space power or propulsion drive the search for acceptable 
actinide-based energy sources.  For long term operation, successful actinide candidates must 
have half-life properties that support beginning-of-mission (BOM) to end-of-mission (EOM) 
power requirements.  For deep space or interstellar operation, this generally translates to 
life-time properties greater than 20 years.  In this survey of higher actinides 241Pu and 244Cm 
are excluded from further consideration based on half-lives of 14.35 and 18.1 years, 
respectively. In addition, for pre-launch operations, 241Pu and 244Cm post significant 
radiological hazards compared to other isotopes. The specific activity of 241Pu is 100 Ci/g 
and that of 244Cm is approximately 82 Ci/g. The next highest specific activity is 243Cm at 52 
Ci/g. Although excluded for half-life and high specific activity, it is notable that 244Cm has 
the lowest thermal fission cross section of the surveyed actinides, also making it undesirable 
for deep space applications. The highest thermal fission cross section of the surveyed 
isotopes is 242mAm, followed by 251Cf and 249Cf.  As noted previously, 242mAm has a 
significantly higher ( see Figure 4) thermal fission cross section than baseline isotopes 238Pu, 
239Pu, 241Pu or 235U. The very high thermal fission cross section property of 242mAm is 
attractive for energy production.  Actinides 251Cf and 249Cf also have attractive fission cross 
section properties. The requirement for the reactor core to feasibly sustain a chain reaction is 
dependent upon a fuel's ability to produce extra neutrons from fission.  The number of 
neutrons produced per neutron absorbed for 242mAm is found to be superior to any other 
actinide.  Conversely, η is less than unity for 241Am, 238Pu and 244Cm. These isotopes cannot 
maintain criticality and are not adequate for satisfying deep space power or energy source 
requirements. Uranium-232 is also found to have only marginal values for η and is therefore 
not suited as an innovative energy source. High FF kinetic energies are desired for thrust 
and energy production. Particles captured by magnetic field lines should be highly energetic 
and have significant recoverable energy. Compared to baseline isotopes, 242mAm and 243Cm 
have the highest FF kinetic energy and recoverable energy release from thermal neutron 
induced nuclear fission. Charges in motion, the most fundamental definition of current, can 
be obtained using high ionic charges.  Data indicate that higher charges are possible with 
242mAm and 243Cm, slightly higher than what may be obtained from the baseline uranium 
and plutonium actinides. Curium is not found naturally and is produced from nuclear 
reactors through neutron capture reactions from plutonium or americium.  The isotope 
243Cm has a relatively low half-life of 29 years and a medium grade specific activity of 52 
Ci/g. In addition, 243Cm produces significant amounts of prompt γ-ray radiation. For 
example, 6.92 MeV prompt γ-rays are emitted from 243Cm, while 1.2 MeV prompt γ-rays are 
emitted from 242mAm. In addition, higher energy prompt neutrons are emitted from 243Cm.; 
thus, 243Cm should not be implemented as a majority fuel element in designing the reactor 
core. 
The 242mAm isomer exhibits one of the highest known thermal neutron fission cross sections. 
The thermal neutron cross section of 242mAm is approximately 6000 barns.  The 242mAm 
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Nuclear Reactor Core: 
Outer Core Radius  
Outer Core Length 
Total Number of Fuel Assemblies 
Total Number of Sub-Assemblies 
Total Number of Fuel Elements 
Total Fuel Loading 
 
414.5 cm 
740.0 cm 
83 
139440 
1.39 x 1010 
24 kg (approximately) 
Fuel Assembly Design: 
Geometry 
Outer Fuel Assembly Length 
Outer Fuel Assembly Radius  
 
Cylindrical 
140.0 cm 
60.0 cm 
Fuel Sub-Assembly Design: 
Geometry 
Outer Fuel Sub-Assembly Length 
Outer Sub-Assembly Width 
Outer Sub-Assembly Depth 
Number of Fuel Elements per Sub 
Assembly 
 
 
Rectangular Frame - Fuel Coated Fibers 
20.0 cm 
5.0 cm 
1.0 cm 
1 x 105 
Fuel Element Design: 
Fuel Layer 
Fuel 
Thickness 
Graphite Fiber 
Radius 
Active Length 
Burnable Absorber Doping 
Fuel Loading per Element 
 
Fuel Coated Graphite Layer 
100% (242mAm) 
0.0001 cm 
 
0.00015 cm 
1.0 cm 
20.0 % 
1.722 x 106 g 
Table 5. FFMCR core design components. 
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Multiple reflector regions have been added to provide room for expansion and potentially 
superconducting magnetic installation.  The reflector region may be changed pending 
desired power level outputs and neutron confinement. 
 Fig. 2. Internal components of the FFMCR system. 
 
Fuel lifetime can potentially be extended if burnable neutron absorbing additives are 
utilized to reduce beginning of life (BOL) excess reactivity of the fuel.  In this case, a 
subsequent slow discharge during operation to compensate fuel depletion effects can be 
obtained. 
 
 
 Fig. 3. Layout of the FFMCR system. 
 
6. Deep Space Missions and the FFMCR with Advanced Actinide Fuels 
Practical implementation of the FFMCR concept utilizing higher actinides may be 
accomplished using state-of-the-art material, nanotechnology, compact pulsed power, 
superconducting magnets and other COTS components. One example of how fission 
fragment particles can be deployed for propulsion is shown in Fig. 4.   
 Fig. 4. Conceptual implementation of the FFMCR configuration. 
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In this concept, the FFMCR is oriented horizontally with high energy fission fragments born 
in the bottom of the vehicle.  Ions created in the core are focused and collimated by magnetic 
field lines using superconducting magnets.  Bidirectional ions are guided through 90° sector 
magnets toward exit collectors.  High energy fission fragments are finally directed out the 
bottom of the spacecraft to create very high specific impulses at very high efficiency.   
Radiation protection is accomplished using a thin layer of lightweight neutron, gamma and 
ion attenuation material.  Deep space and interstellar mission scenarios may require 
separation of the payload bay from the entire FFMCR subsystem, which may be executed 
using a separation ring mechanism similar to existing spacecraft. Advanced light weight 
nano metamaterials may be applied to the outer cone region for extreme deep space 
protection from micrometeroids. 
It is acknowledged that the spacecraft concept proposed in Fig. 4 relies on multiple low 
technical readiness level (TRL) technologies, which increases developmental risks; however, 
the concept of using the fission fragment reactor for propulsion is demonstrated. 
 
7. Conclusions 
The MAGNUS concept, which is based on the FFMCR approach, offers space power and 
propulsion technology with a number of unique characteristics such as: 
 Direct FF energy conversion is uniquely suitable for space operation; 
 High efficiency DEC promises reduced thermal control and radiators; 
 High specific impulse allows short trip times and extends exploration to the outer 
reaches of the solar system and beyond; 
 Achievability of long-term operation assures power for missions within the solar 
system and for interstellar missions; 
 Absence of chemical propellant and intermediate thermal energy conversion 
components allows minimization of weight; 
 Low fuel inventory core without moving components assures inherent safety; 
 Integral conversion and propulsion without moving components promises 
reliability; 
 System modularity assures simplicity of integration with other components. 
The meta-stable isomer 242mAm, coated on graphite fibers, is found to have superior 
properties (relative to uranium and plutonium baseline isotopes), which when combined 
with magnetic collimation may provide a novel solution in high-reliability demanding 
environments. Key advantages of using 242mAm are summarized below. 
 242mAm has a half-life of 141 years (applicable to most mission profile 
requirements). 
 242mAm has a low specific activity of 9.8 Ci/g (for improved radiological safety) and 
low specific power of 0.002 W/g (for practical material integration).  
 The 242mAm actinide has one of the highest known thermal fission cross sections 
and produces a high neutron yield per neutron absorbed. 
 The fission fragment kinetic energy of 242mAm is approximately 10-15 MeV above 
baseline uranium and plutonium fragments.  
 Prompt neutron and γ-ray emission is lowest for 242mAm, potentially adding 
addition safety margins relative to uranium or plutonium. 
 Heavy ion fragments appear to be controllable using voltages greater than 5 MV.   
 
 A 1-2 micron thick 242mAm fuel layer allows most fission fragments to escape for 
magnetic focusing.   
 Three-dimensional Monte Carlo analysis of baseline and higher actinides indicates 
that, given the FFMCR configuration in this work, criticality can be achieved using 
242mAm, 249Cf, and 251Cf.  System criticality is not achievable for 235U, 239Pu or 241Pu.   
 Burnable absorbers can be mixed with higher actinides to reduce criticality at high 
fuel loadings, with the largest effect due to 135Xe and 157Gd. 
 Limited production and availability of 242mAm reduces its potential as a fuel for 
power and propulsion; however, it is recognized that select plutonium isotopes 
suffer from similar production and availability limitations. 
Americium-242m is clearly established as a promising fuel for reliability-demanding 
applications, and 249Cf and 251Cf isotopes appear to hold similar promising properties such 
as high neutron yield, low specific activities, large fission fragment masses and applicable 
radioactive half-life. Recommendations for future work include: 
 Detailed analysis of higher actinide fuels such as 249Cf and 251Cf to quantify 
potential benefits when used in propulsion or power applications.   
 Proof-of-principle experimental nanofabrication of 242mAm, 249Cf and 251Cf fuels to 
examine commercialization and implementation viability. 
 Studies to demonstrate experimental systems integration utilizing pulsed power, 
magnets and heavy ion beam focusing should be initiated or continued. 
The MAGNUS concept for space applications is an innovative approach that allows direct 
conversion of fission energy to electricity and thrust. It is anticipated that these systems 
should allow the achievement of high efficiencies with a minimum of energy wasted as heat. 
The terrestrial application analysis indicated that direct energy conversion efficiencies up to 
90% are potentially achievable. 
Absence of high temperatures and pressures, low fuel inventory, long-term operation, 
absence of chemical propellant, highly efficient power generation, high specific impulse, 
and integral direct energy conversion without mechanical components provide an 
opportunity for exploration of the solar system and deep space. Interstellar missions of 
reasonable duration may be possible.  
In comparison with conventional thermal energy converters, the needs for thermal control 
and radiators are expected to be minimal in the MAGNUS units. The absence of 
intermediate conversion stages provides the potential for significant design simplifications. 
Given the theoretically more straightforward design of a direct conversion reactor, it is 
conceivable that safety system design will also be more straightforward. Furthermore, since 
the MAGNUS concept eliminates the need for chemical propellants, significant 
improvements in weight, volume, and specific impulse performance are anticipated over 
conventional chemical systems and nuclear thermal converters. 
To assure fast development and to mitigate needs for scientific breakthroughs in the 
relevant fields of materials research, nuclear technologies, and electromagnetic technologies, 
the MAGNUS concept must be founded on and evolve from existing technologies and 
materials. 
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8. Nomenclature 
ASRG  Advanced Stirling Radioisotope Generator  
AU  Astronomical Unit 
BOM  Beginning of Mission 
COTS  Commercial Off The Shelf 
DEC  Direct Energy Conversion 
DFFEC  Direct Fission Fragment Energy Conversion 
DOE  Department of Energy 
ENDF  Evaluated Nuclear Data Files 
EOM  End of Mission 
FF  Fission Fragment 
FFDEC  Fission Fragment Direct Energy Conversion 
FFMCR  Fission Fragment Magnetic Collimator Reactor 
JANIS  Java-based Nuclear Information Software 
JIMO  Jupiter Icy Moons Orbiter 
LWR  Light Water Reactor 
MAGNUS MAGnetic NUclear System 
NASA  National Aeronautics and Space Administration 
NDDEC  Nuclear Driven Direct Energy Conversion 
NEP  Nuclear Electric Propulsion 
NERI  Nuclear Energy Research Initiative 
NERVA  Nuclear Engine for Rocket Vehicle Application 
NTP  Nuclear Thermal Propulsion 
RTG  Radioisotope Thermoelectric Generator 
SCALE  Standardized Computer Analysis for Licensing Evaluation 
SNAP  Systems for Nuclear Auxiliary Power 
SRIM  Stopping and Range of Ions in Matter 
STK  Satellite Tool Kit 
TFE  Thermionic Fuel Elements 
TRL  Technology Readiness Level 
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